The effects of raised brain lactate levels on neuronal survival following hypoxia or ischemia is still a source of controversy among basic and clinical scientists. We have sought to address this controversy by studying the effects of glucose and lactate on neuronal survival in acute and cultured hippocampal slices. Following a 1-h hypoxic episode, neuronal survival in cultured hippocampal slices was significantly higher if glucose was present in the medium compared with lactate. However, when the energy substrate during the hypoxic period was glucose and then switched to lactate during the normoxic recovery period, the level of cell damage in the CA1 region of organotypic cultures was significantly improved from 64.3 ± 2.1 to 74.6 ± 2.1% compared with cultures receiving glucose during and after hypoxia. Extracellular field potentials recorded from the CA1 region of acute slices were abolished during oxygen deprivation for 20 min, but recovered almost fully to baseline levels with either glucose (82.6 ± 10.0%) or lactate present in the reperfusion medium (108.1 ± 8.3%). These results suggest that lactate alone cannot support neuronal survival during oxygen deprivation, but a combination of glucose followed by lactate provides for better neuroprotection than either substrate alone.
During ischemia, a deficiency of metabolites to the brain is the primary factor which initiates a cascade of cellular events that leads to neurodegeneration through both apoptotic and necrotic mechanisms (Banasiak et al. 2000; Zipfel et al. 2000) . Under normal physiological conditions the NAD + molecules necessary to drive the glycolytic reactions are regenerated via the tricarboxylic acid (TCA) cycle. During anaerobic conditions, the TCA cycle cannot operate in the absence of oxygen so an alternative source of NAD + is provided through the conversion of pyruvate to lactate. This production of lactate has long been considered a by-product of maintaining glycolysis and, furthermore, lactate has been implicated in acidosis, which may contribute to neuronal degeneration . Clinicians have often noted that tissue hypoxia in patients is always accompanied by increases in lactate concentration (Haljamae 1987) , circumstantially strengthening the hypothesis that lactate is detrimental to neuronal survival following ischemia. However, lactate can be used as a carbohydrate source during aerobic respiration.
Experimental research into neuronal energetics has suggested an alternative role for lactate in supporting neuronal function and survival in the absence of glucose . Glucose uptake by glia, possibly stimulated by glutamate uptake, is followed by the release of lactate from astrocytes (Dringen et al. 1993; Swanson and Choi 1993; Tsacopoulos and Magistretti 1996) . Additional evidence has shown that lactate is taken up by neurons and can be utilized in the TCA cycle (Hu and Wilson 1997; Schousboe et al. 1997; Pellerin et al. 1998; Waagepetersen et al. 1998) . Neurons are capable of metabolizing both glucose and lactate as energy substrates, possessing both glucose transporters and monocarboxylate transporters (MCT) (Vannucci et al. 1997; Pierre et al. 2002) . Localization studies suggest that the neuronal lactate dehydrogenase isoenzyme, LDH1, favours the production of pyruvate from lactate as opposed to other sources (Bittar et al. 1996) . The process of glial production and neuronal oxidation of lactate to produce ATP has been termed the lactate-shuttle and is thought to play a role during periods of neuronal energy demand, such as during neurotransmission .
The role of lactate as an energy substrate under pathological conditions is less clear, particularly during oxygen deprivation. Lactate concentrations rise during hypoxia and ischemia (Lampl et al. 1990; Huguet et al. 1998) and have been used as a diagnostic indicator by clinicians for tissue hypoxia (Fullerton et al. 1988) . During oxygen deprivation, the increased concentrations of lactate have been suggested as contributing to acidosis and to be a major factor in the resultant neuronal degeneration . Recent research in vitro suggests that the role of lactate during neuronal stress may, on the contrary, be beneficial under certain circumstances. Lactate can support neuronal survival and function during glucose deprivation in organotypic hippocampal slice cultures (Cater et al. 2001) and can aid in the recovery of synaptic function following hypoxia in acute hippocampal slices (Schurr et al. 1997) .
In this study, we have used cultured and acute hippocampal slices to investigate the role of both glucose and lactate in supporting neuronal viability and synaptic function during and after oxygen deprivation. Organotypic hippocampal slice cultures provide an ideal in vitro system to study the relationship between neuronal survival and substrate availability, as, unlike isolated neuronal or re-aggregated mixed neuronal-glial cultures, coupling between glial and neuronal cells is minimally disrupted during the explantation process. Using this system, cultures were exposed to hypoxia with either glucose or lactate as the energy substrate during the hypoxic or the normoxic recovery period, and the effects on neuronal survival were assessed. Furthermore, we measured evoked extracellular CA1 field recordings in acute hippocampal slices to determine the effects of glucose and lactate on recovery of neuronal function following oxygen deprivation. Our results show that, for a single exogenous carbohydrate source during hypoxia and recovery, glucose promotes neuronal survival to a greater degree than lactate. However, the combination of glucose during the hypoxic period and lactate during the normoxic recovery period resulted in increased neuronal survival in organotypic slice cultures and a similar level of recovery of function in acute hippocampal slices compared with glucose alone throughout both periods.
Materials and methods

Organotypic slice cultures
Organotypic hippocampal slice cultures were prepared using methods described by Pringle et al. (1996) . Eight-to 10-day-old Wistar rat pups were decapitated and the hippocampus rapidly removed. Four hundred-micrometre transverse sections were obtained using a McIlwain tissue chopper (Harvard Apparatus, Edenbridge, UK) and separated in ice-cold Geys balanced salt solution (GBSS; Gibco, Paisley, UK) supplemented with 5 mg/mL glucose. Slices were plated onto Millicell culture inserts (Millipore, Watford, UK; four slices per insert) and maintained in culture at 37°C, 100% humidity and 5% CO 2 . Medium contained 50% Minimum Essential Medium with Earle's Salts, without glutamine (MEM), 25% Hank's balanced salt solutions (HBSS), 25% heat-inactivated horse serum (ICN, Basingstoke, UK) and was supplemented with 5 mg/mL glucose (final concentration of glucose was 30 mM) and 1 mM glutamine (Sigma, Poole, UK). Medium was changed every 3 or 4 days, and experiments were carried out after 14 days in vitro.
Prior to experimentation, the organotypic slice cultures were placed in serum-free medium (SF: 75% MEM, 25% HBSS, 1 mM glutamine, 5 mg/mL glucose) containing 5 lg/mL propidium iodide (PI; Molecular Probes, Leiden, the Netherlands) for 20 min and then imaged under a fluorescence microscope (Leica, N2) fitted with a standard rhodamine filter. Healthy cultures did not take up any PI, as this dye is an exclusion dye. Therefore, any cultures expressing fluorescence before the experiment were not used in this study. Oxygen deprivation was induced by rapidly transferring the slice cultures to either SF medium or glucose-free (GF) medium (100% GF MEM, 1 mM glutamine), containing 5 lg/mL PI, which had been saturated with 95%N 2 /5% CO 2 for 10 min. The culture plate was then transferred to a modular incubator and maintained in an atmosphere of 95%N 2 /5% CO 2 for 60 min. At the end of this period, the cultures were re-plated into SF or GF medium under normoxic conditions for the recovery period. Stock solutions of either 100 mM L-lactate or D-glucose (Sigma) were made up in GF medium and added to wells at indicated final concentrations, either immediately prior to the oxygen deprivation (hypoxic) period or immediately prior to the normoxic recovery period. To establish that the use of lactate did not acidify the medium, the pH of the medium with either 30 mM glucose or 30 mM lactate was measured following a 1-h ischemia insult and was not found to be significantly different. Control cultures were matched to each experiment to account for variations in culture response from month to month. Twenty-four hours after the start of the insult, the cultures were imaged for PI fluorescence and fixed in 4% paraformaldehyde. Whole cultures were stained with thionin to ensure that absence of PI fluorescence corresponded with the presence of healthy neurons in the CA1 and CA3 pyramidal regions.
To determine the effect of amino acids on neuronal survival, experiments were carried out in ACSF medium with the same ionic composition as SF medium (in mM: NaCl 116.4, KCl 5.4, MgSO 4 0.8, NaH 2 PO 4 1.1, CaCl 2 1.8, NaHCO 3 26). Glucose was added at a concentration of 30 mM and, for indicated experiments, amino acids were also added at identical final concentrations as in SF medium (in mM: L-arginine 
Neuronal damage was assessed by measuring the area of PI fluorescence as previously described (Pringle et al. 1996; Morrison et al. 2002) . The PI fluorescence within each hippocampal region (CA1 and CA3/4) was measured and expressed as a percentage of the total area for that particular hippocampal region. Images were captured using a COHU CCD monochrome camera and analysed using Image 1.55 (Wayne Rasband, NIH) on an Apple Macintosh IIsi computer. Results were expressed as mean ± SEM, and significance was determined using one-way or two-way analysis of variance followed by Bonferroni's multiple comparison post-hoc test with p < 0.05 considered significant.
Cultures exposed to ACSF medium in the absence of glucose showed PI fluorescence which was not restricted to the neuronal layers. This made quantification of PI uptake impossible using the method for estimating regional damage. Thus, we were forced to use a scoring mechanism which is detailed in Table 1 . Results from these experiments were expressed as mean ± SEM, and significance was determined at the 24 h time-point using the Kruskal-Wallis test followed by Dunn's post test with p < 0.05 considered significant.
Acute hippocampal slices
Adult male Wistar rats (175-225 g) were deeply anaesthetized with fluothane, rapidly decapitated, and the hippocampus removed. Four hundred-micrometre thick transverse sections were cut using a McIlwain tissue chopper and kept in a humidified holding chamber, saturated with 95%O 2 /5% CO 2 . The artificial cerebrospinal fluid solution (ACSF, mM: NaCl 117.8, glucose 10, MgSO 4 1, CaCl 2 2.5, KCl 3.3, KH 2 PO 4 1.26, NaH 2 PO 4 26) flow rate into the recording chamber was 10-15 mL/min, at a temperature of 34 ± 0.5°C. Recording electrodes were pulled from GC150-10 glass capillaries (Harvard Apparatus Ltd, UK) to give a tip resistance of 2.5 MW when filled with 2.5 M NaCl. These were placed within the stratum pyramidale of the CA1 region. The stimulating electrode was made from a piece of twisted polyamide-insulated 0.28 mm diameter stainless steel wire (Plastics One, Roanoke, VA, USA) and placed within the CA3 Schaffer collaterals. Paired-pulse stimuli were delivered 15 ms apart every 5 min, and recordings were captured and analysed using a data acquisition system (A2D program, Ed Stockley, Southampton University).
To determine the effect of energy substrates on synaptic function, the amplitude of the population spikes of the evoked response was measured. Initially, stimulus response curves were obtained for each slice using a range of 0-20 V stimuli. A stimulus that evoked a submaximal field excitatory postsynaptic potential (EPSP) was used throughout the experiment. Field EPSP amplitudes obtained prior to the oxygen deprivation were averaged and all EPSP amplitudes recorded during the course of the experiment were normalized to this average. The results at corresponding time-points were averaged, and statistics performed on the values obtained at 50 min using a one-way analysis of variance with p < 0.05 considered significant. Extracellular field potential recordings were made from the CA1 pyramidal cell layer following stimulation of the CA3 Schaffer collateral pathway in acute slices from adult rat hippocampus. Following a 15-min baseline recording period, the acute slices were perfused in ACSF saturated with 95%N 2 /5% CO 2 for 20 min and then re-perfused in oxygenated ACSF for a 30-min recovery period.
Results
At the end of each experiment, thionin stains of the organotypic slice cultures were looked at to confirm the presence of neuronal regions ( Fig. 1 ). Slices that had no neuronal regions were discarded from the experiment.
Organotypic hippocampal slice cultures are routinely maintained at high concentrations of glucose prior to experimentation, and in vivo experiments have shown that hyperglycemia is detrimental to outcome following twovessel forebrain ischemia in rats (Li et al. 1996) . To determine that high glucose levels were not toxic in our culture system, a concentration-response curve to glucose in combination with oxygen deprivation for 1 h was obtained (Fig. 2) . Decreasing the concentration of glucose from 30 mM to 10 and 5 mM did not significantly affect the level of cell damage in either the CA1 or the CA3/4 regions ( Fig. 2) . Decreasing the concentration of glucose to 1 mM and 0 mM resulted in significantly increased levels of neuronal damage compared with 30 mM glucose in both CA1 and CA3/4 regions (Fig. 2) .
Comparison of glucose and lactate as sole energy substrates In order to assess the effectiveness of glucose and lactate as primary energy substrates during oxygen deprivation, we focused on two experimental protocols. In the first experiment ( Fig. 3a) , we compared glucose and lactate as energy substrates following a period of hypoxia. Organotypic slice cultures were subjected to a 1-h hypoxic period with no energy substrates present (ischemia) followed by a 23-h normoxic recovery period with glucose and lactate present at either 5 or 30 mM. To assess the maximum level of damage, the experiment was also performed with no energy substrate present following the hypoxic period. A two-way analysis of variance demonstrated no significant difference between using 5 or 30 mM glucose and using 5 or 30 mM lactate. However, compared with the level of neuronal damage seen with no energy substrate present in the normoxic period, the addition of glucose to the media significantly attenuated the level of damage in the CA1 and the CA3/4 regions (Fig. 3a) . In comparison, the addition of lactate following the hypoxic insult was only significantly neuroprotective in the CA3/4 region (Fig. 3a) .
In the second experimental protocol (Fig. 3b) , we examined the effectiveness of glucose and lactate as energy substrates when present during both the 1-h hypoxic period and the 23-h normoxic period. The cultures were deprived of oxygen for 1 h, with glucose, lactate or no energy substrate present during this hypoxic period, and then allowed to recover in oxygenated medium for 23 h in the presence of the same energy substrate that was present during the insult (Fig. 3b) . A two-way ANOVA demonstrated a significant main effect of substrate on cell damage, however, there was no effect of concentration within a given substrate. Post-hoc tests determined that glucose significantly decreased the amount of cell damage within both the CA1 and the CA3/4 regions compared with the absence of an energy substrate ( Fig. 3b) and that lactate led to a small level of neuroprotection, but this was significant at a concentration of 30 mM only in the CA3/4 region compared with the absence of an energy substrate (Fig. 3b) .
Optimal use of lactate and glucose during normoxic and hypoxic respiration To determine if lactate is utilized at all as an energy substrate, the effectiveness of energy substrates used in sequence during the experimental protocol was examined. The experiment can be split into two components -a period of hypoxic respiration when the cultures were maintained in 95%N 2 /5% CO 2 and a period of normoxic respiration in the presence of 95% air/5% CO 2 . In each of these two periods, we used either 30 mM glucose (G), 5 mM lactate (L) or no added energy substrate (N) to give a total of nine paradigms as illustrated in Fig. 4 . We continued using 30 mM glucose as we had already shown that altering the concentration of glucose from 5 to 30 mM did not significantly affect cell survival following hypoxia (Fig. 2) , and as the cultures were routinely grown at a concentration of 30 mM glucose. There was no significant difference between 30 and 5 mM lactate in either the ischemic paradigm or the hypoxic paradigm (Fig. 3) . To determine an effect of lactate in conjunction with oxygen-deprivation, we chose to use the lower concentration of 5 mM. Figure 4 (a) illustrates the effect of the different experimental paradigms on the level of cell damage within the CA1 region; changes in the CA3/4 region are shown in Fig. 4(b) . The experiment using glucose present throughout both the hypoxic and normoxic periods (G/G) was used as the control group (cell damage CA1 35.7 ± 2.1%, CA3/4 29.0 ± 2.6%). Using an energy substrate other than glucose during both hypoxic and normoxic periods resulted in significantly increased levels of neuronal damage in both CA1 and the CA3/4 regions (L/N, L/L, N/N, N/L - Figs 4a and b) . This was expected as only glucose can be used as an energy source during anaerobic metabolism. The paradigm of G/N illustrates the contribution of the glycolytic process during anaerobic metabolism to neuronal survival. With glucose present only during the hypoxic period and no energy substrate present during the normoxic period (G/N), the level of damage did not significantly increase in either CA1 or CA3 regions compared with the glucose control (G/G, G/N - Figs 4a and b) . Conversely, the absence of an energy substrate in the hypoxic period significantly increased the level of damage in the CA1 region, but not in the CA3 region even with glucose present during the normoxic phase (N/G - Figs 4a and b) . Despite the lack of effectiveness of lactate as an energy substrate during the hypoxic period, the presence of glucose during the hypoxic period and lactate during the normoxic period (G/L) resulted in decreased damage in the CA1 region compared with levels when glucose was present throughout both normoxic and hypoxic periods (Figs 4a and  b) .
Effect of amino acids on neuronal survival
The organotypic hippocampal slices were routinely grown in a medium comprised of MEM containing a variety of amino acids, all of which could be used as a potential energy source. Slice cultures were placed in ACSF composed of the same concentration of salts as found in MEM, with or without glucose and/or amino acids. Because PI uptake was not Hypoxic Normoxic . Glucose present during the hypoxic period followed by lactate present during the normoxic period (G/L) significantly increased the amount of neuroprotection compared with the glucose control (G/G) in the CA1 region (a). The G/N combination did not lead to a significant increase in cell damage in either CA1 (a) or CA3/4 (b) region compared with G/G (n ¼ 16-144; ***p < 0.001, *p < 0.05 vs. G/G, 2-way ANOVA followed by Bonferroni post-test: data are expressed as mean ± SEM).
Energy Substrate % Cell Damage
restricted to the neuronal regions, the standard method of quantification could not be used. Instead, cell damage was addressed visually with a scoring system described in Materials and methods. In the absence of glucose and amino acids, levels of PI uptake were evident as early as 12 h (Fig. 5) . In the presence of glucose and absence of amino acids, the level of PI uptake remained low, and a score of 1 was recorded even after 24 h (+G/-A). In the absence of glucose and in the presence of amino acids, the organotypic slice cultures showed a high level of PI uptake, in both glial and neuronal cells as early as 6 h (-G/+A). The level of damage at 24 h in the absence of both glucose and amino acids, or in the absence of glucose, was significantly different compared with the level of damage seen with both glucose and amino acids present (24 h: -G/-A 4 ± 0; -G/+A 4 ± 0; +G/+A 1.25 ± 0.2). Therefore, the amount of amino acids present in the medium was insufficient to support neuronal survival in the absence of glucose.
Lactate and glucose during oxygen deprivation in acute slices
The recovery of synaptic function in acute hippocampal slices following a hypoxic period with different energy substrates was determined. Figure 6(a) shows the first experimental paradigm in which glucose (10 mM), lactate (5 mM) or no substrate was present during the hypoxic period followed by normoxic recovery in the presence of glucose. We decreased the concentration of glucose to 10 mM because this is the standard concentration used for acute slice preparations, whereas 30 mM glucose could lead to hyperglycemia in a preparation more sensitive than organotypic hippocampal slice cultures. After the first 5 min of the hypoxic period, evoked CA1 population spikes were rapidly abolished and remained so until the slices were re-perfused with oxygen. During this normoxic period, only slices that were perfused with glucose during the hypoxic period recovered synaptic function.
In a second experimental paradigm (Fig. 6b) , glucose was present during the hypoxic period before the acute slices were exposed to glucose, lactate or no energy substrate during the normoxic period. When lactate was present during the normoxic period, population spikes recovered to baseline levels, in a similar way when glucose was present (at 50 min: Effect of hypoglycaemia in the presence or absence of amino acids on cell damage. Organotypic slice cultures were exposed to ACSF medium with and without glucose (G, 30 mM) or amino acids (a) at the same concentrations as in SF medium for a period of 24 h. PI images were taken at various time points during the course of the 24 h (3, 6, 12, 18 and 24 h). The results are expressed using a scoring mechanism due to the nature of the PI uptake throughout the organotypic slice cultures (refer to methods for scoring table). Amino acids could not support cell survival during hypoglycaemia (n ¼ 8-12; **p < 0.01 vs. + G/+A, Kruskal-Wallis test followed by Dunn's posttest: data are expressed as mean ± SEM). glucose/glucose 82.6 ± 10.0%, glucose/lactate 108.1 ± 8.3%, glucose/nothing 22.4 ± 16.7%).
Discussion
Our findings demonstrate that lactate does not support survival of neuronal cells in organotypic hippocampal slice cultures during oxygen deprivation. However, we have demonstrated that providing lactate exogenously during the recovery period, following the addition of glucose during the hypoxic period, provides an increased level of neuroprotection compared with adding either energy substrate alone. The lactate-shuttle theory proposed by Pellerin and Magistretti suggests that glucose uptake by astrocytes, stimulated by glutamate uptake, is metabolized through glycolysis to produce lactate. This lactate is then transported to neurons and subsequently utilized as an energy substrate in the TCA cycle. The evidence to support this theory has increased over the last decade and strongly indicates a physiological role for lactate in supporting neuronal function. In vitro research has demonstrated that glucose uptake and breakdown of glial glycogen results in the production and release of lactate (Walz and Mukerji 1988; Dringen et al. 1993) . Monocarboxylate transporters have been localized on both astrocytes and neurons (Broer et al. 1997; Gerhart et al. 1998; Pierre et al. 2000) . Lactate is efficiently converted into pyruvate for entry into the TCA cycle by the LDH1 isozyme which has been localised within hippocampal neurons (Bittar et al. 1996) . The physiological relevance of lactate as an energy substrate has been highlighted through studies demonstrating that lactate can support both neuronal survival and function during hypoglycemia (Cater et al. 2001) and can aid recovery of function following hypoxia (Izumi et al. 1997 ).
The precise role that lactate plays in vivo following stroke is more difficult to interpret. Lactate has been used as a diagnostic indicator of stroke for some time (Fullerton et al. 1988) , and lactate concentrations are known to increase following stroke in vivo and following ischemia in vitro (Persson et al. 1996; Hutchinson et al. 2000) . The increased lactate was viewed as a waste metabolite from anaerobic metabolism. In contrast, lactate concentrations within the brain also increase following physiological stimulation (Prichard et al. 1991; Forsyth et al. 1996; Hu and Wilson 1997) , although the exact source of this increase, whether neuronal or glia, is still debated (Gjedde and Marrett 2001) . The initial reperfusion of oxygen following a hypoxic or ischemic episode is a critical period for neuronal survival, which could be enhanced by the quick re-establishment of cellular energy levels, i.e. ATP concentration. The first steps of glucose metabolism, glycolysis, require ATP. If glucose were the only energy substrate available, diminished ATP levels would be further depleted before the TCA cycle could restore ATP levels. In contrast, the metabolism of lactate through the TCA cycle does not require ATP. Although lactate produces less total ATP than glucose, the strain on the depleted energy levels would be reduced, improving neuronal survival. Our results demonstrated that both neuronal survival and function benefited from the addition of lactate during the normoxic, recovery period instead of glucose. These results support other findings both in vitro (Izumi et al. 1997; Schurr et al. 1997) and in vivo where glucose utilisation in the initial 90 min of the recovery phase after hypoxia is reduced, suggesting that glucose is not the preferred substrate for the immediate restoration of ATP levels.
The production of ATP from glucose can be divided into two stages. During anaerobic metabolism the glycolytic pathway operates producing only two molecules of ATP compared with the 36 molecules produced by the TCA cycle and the electron transport chain when oxygen is present. The amount of ATP required for the function of different cellular compartments is still being debated, particularly with regard to the role of glucose consumption and lactate production. It has been predicted that only 5% of the total ATP produced is used to maintain glial function (Attwell and Laughlin 2001) , and that the large proportion of ATP required by neurons is obtained through direct glucose uptake into neurons rather than through astrocytic lactate production (Dienel and Hertz 2001) . However, recent work suggests that glucose consumption by glial cells may exceed the predicted 5% and that the extra ATP required for neurons is generated via the lactate shuttle (Pellerin and Magistretti 2003; Vega et al. 2003) . The discrepancy between the two hypotheses could be resolved if only part of the glucose taken up through astrocytes was metabolized glycolytically and that lactate produced as a result is oxidized in neurons. Despite the small proportion of ATP produced, the importance of anaerobic glycolysis in preventing neuronal degeneration is highlighted by our findings that the presence of glucose during the hypoxic period had a greater effect on neuronal survival than the presence of glucose during the aerobic period. Our results suggest that even the small amount of ATP produced by glycolysis during the hypoxic period has a profound impact on neuronal survival.
The critical role of astrocytes in protecting neurons against damage during ischemia is becoming increasingly evident. These protective mechanisms may include glutamate and K + clearance (Sugiyama et al. 1989) , antioxidant mechanisms (Wilson 1997) , and gap junction communication (Blanc et al. 1998; Frantseva et al. 2002) . The protection of glial cells during oxygen deprivation increases neuronal survival (Kelleher et al. 1996) , and co-cultures of glia and neurons are more robust against periods of oxygen and glucose deprivation than pure neuronal primary cultures (Vibulsreth et al. 1987) . One particular mechanism that could affect neuronal survival is glial-neuronal coupling involving the supply of energy metabolites to neurons from glial sources.
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We demonstrated that cell damage was not significantly affected by the absence of an energy substrate during the 23-h normoxic recovery period if glucose was present during the 1-h hypoxic period (Figs 3a and b) . Studies have demonstrated that a pool of lactate is formed in the extracellular fluid between glia and neurons, which can be rapidly depleted during neuronal activity (Hu and Wilson 1997) . Previous work has demonstrated that organotypic slice cultures can survive for up to 24 h in the absence of glucose (Cater et al. 2001) in contrast to mixed cultures which cannot (Monyer et al. 1989; Facci et al. 1990 ). Clearly, neuronal-glial coupling plays an important role in neuroenergetics, and the mechanisms by which glia contribute to neuroprotection during brain ischemia require further investigation.
Support for the lactate-shuttle theory is not universal and, in addition, data supporting the lactate-shuttle hypothesis may be open to contradictory interpretation. Calculation of the kinetic rates of lactate dehydrogenase enzymes demonstrated that neuronal oxidation increased following generation of pyruvate within the neuron rather than within the astrocyte (Gjedde and Marrett 2001) . Others have suggested that whilst lactate can be used as an energy substrate, it is not used to the extent proposed by the lactate-shuttle theory (Chih et al. 2001; Dienel and Hertz 2001) . Microdialysis studies have demonstrated a disparity between the glucoselactate ratio measured from plasma compared with the ratio measured directly in the extracellular fluid within the brain. In plasma, the glucose concentration was higher than lactate, whereas the opposite was found in the extracellular fluid (Abi-Saab et al. 2002) . However, our current and previous results provide support for the lactate-shuttle theory and the importance of lactate as a beneficial metabolite after hypoxia (Cater et al. 2001) .
The use of lactate clinically may be hindered by its relative impermeability to the blood-brain barrier compared with glucose, although hypoglycaemia has been successfully treated in vivo with lactate (Pardridge and Oldendorf 1977) . Following intravenous injections of lactate, the cerebral function of hypoglycaemic patients was preserved, and this 'protective' effect was not due to decreased pH (Maran et al. 1994) . In addition, treatment with lactate did not lead to a reduction in the counter-regulatory hormone responses that occur during hypoglycaemia, unlike treatment with other metabolic fuels, such as ketone bodies (Maran et al. 1994) . Lactate has also been shown to potentiate energy metabolism in patients suffering from Alzheimer's disease (Mark et al. 1997) .
Our studies have focused on the role of exogenously supplemented metabolic substrates, glucose and lactate, in neuronal protection following oxygen deprivation. The contribution of endogenously produced energy substrates, such as lactate produced during hypoxia (Schurr et al. 1997) , has not been considered here. Although inhibitors of monocarboxylate transporters are available, their lack of specificity is problematic. For example, 4CIN is two orders of magnitude more specific for the inhibition of pyruvate uptake into mitochondria than for lactate transport across the plasma membrane (Halestrap and Price 1999) . The potential for amino acids, particularly glutamine, to substitute for metabolic substrates has been addressed in our experiments shown in Fig. 5 , which shows that they do not support cell survival in the absence of glucose or lactate. Our previous studies demonstrated that organotypics could survive 24 h of hypoglycaemia in GF MEM (Cater et al. 2001 ) which was not reproduced here using ACSF instead of MEM. Given the new data produced in the current study showing that the amino acids were not sufficient to maintain organotypic survival in the absence of other substrates, it is interesting to speculate on the identity of the components utilized in serumfree medium. This could be due to the presence of various vitamins which affect energy metabolism either in the TCA cycle, e.g. thiamine and nicatinamide or in glycogen cleavage, e.g. pyridoxal HCl.
By altering the concentration of glucose available to the slice cultures, the amount of lactate produced by anaerobic metabolism could be affected (Schurr et al. 1997) , confounding interpretation of results. Although we did not measure the concentration of lactate produced by the slice cultures, we did show that altering the concentration of glucose from 5 to 30 mM did not significantly reduce hypoxic cell damage. Furthermore, studies using a glutamate model of excitotoxicity showed increases in lactate production following administration of glutamate, but neuroprotection was only seen when the lactate concentration was significantly increased up to 700% of basal levels through pre-treatment with 17b-oestradiol (Mendelowitsch et al. 2001) . This pathway may have resulted in increases in lactate through changes in gene expression. A similar pathway may need to be activated in order to see an increase in endogenous lactate resulting in significant neuroprotection following hypoxia. Therefore, our results demonstrate a direct neuroprotective effect of exogenously added lactate.
The effects of lactate have been hypothesized to be mediated in part by changes in pH. Increasing concentrations of lactate within a cell are suggested to be accompanied by a decrease in extra-and intracellular pH in a linear fashion (Auer and Siesjo 1988) , whereas others suggest that this is true only following global ischemia (Paschen et al. 1987) . Whilst some studies state that acidosis contributes to secondary neurodegeneration , mild acidosis is neuroprotective during oxygen and glucose deprivation (Tombaugh and Sapolsky 1990; Tombaugh 1994 ). In our experiments, the effect of pH has been eliminated by the buffering capacity of the medium whose pH was measured and remained constant throughout our experiments.
In conclusion, we have demonstrated that, following hypoxia, the presence of glucose during the hypoxic period is more essential for neuronal survival than the presence of glucose during the aerobic recovery period. Furthermore, the combination of exogenous glucose added during the hypoxic period, and exogenous lactate added during the aerobic period, promoted recovery of neuronal function and neuronal survival to the same extent, or better than with glucose alone. From the overall picture presented through using two different models, lactate is better than glucose in the posthypoxic recovery phase. These results support the theory of glial-neuronal coupling during hypoxia and ischemia and reflect the increasingly intricate relationship between glial and neuronal energy cycles under pathological conditions. Our results demonstrate the importance of the glycolytic pathway during oxygen deprivation in maintaining a minimum of ATP production to sustain neuronal survival, as well as the potential neuroprotective role of lactate in the oxygen reperfusion period, a critical period in the prevention of neurodegeneration in brain ischemia.
